Therapeutic strategies based on antiangiogenic approaches are beginning to show great promise in clinical studies.
Introduction
Despite improvements in surgery and chemotherapy, mortality rates in women with advanced ovarian carcinoma have remained largely unchanged (1) . Therefore, novel therapeutic strategies are needed. It is now well known that growth of tumors, both at the primary and metastatic sites, requires a blood supply for expansion beyond 1 to 2 mm (2). Targeting tumor angiogenesis by inhibiting endothelial cells that support tumor growth is particularly promising because of their presumed genetic stability. The recent success of a humanized monoclonal antibody (bevacizumab) against vascular endothelial growth factor in prolonging the lives of patients with advanced colon and breast carcinoma (3, 4) shows the promise of such approaches. However, the full spectrum of differences in the tumor vasculature compared with its normal counterpart is not known. Identification of additional targets on tumor endothelium may allow opportunities for developing new therapeutic approaches to inhibit angiogenesis in a tumor-specific manner.
Higher levels of proangiogenic cytokines and angiogenesis are associated with an increased risk of metastasis and poor prognosis in ovarian cancer (5, 6) . To date, a small number of breast, colon, and brain cancers have been analyzed for gene expression changes in the tumor vasculature using serial analysis of gene expression (7) (8) (9) . These studies showed the ability to define both tumorspecific endothelial genes and normal endothelial genes. Whereas selected genes in ovarian cancer vasculature have been characterized, there is little information about global gene expression alterations in ovarian cancer endothelium. This lack of data prompted us to carry out expression profiling on purified endothelial cells from invasive epithelial ovarian cancers and normal ovaries.
In recent years, whole genome expression profiling of cancer using methods such as microarray and serial analysis of gene expression has advanced our understanding of the molecular pathways involved in cancer onset and progression. However, global analysis of gene expression in specific cell populations within the tumor microenvironment is challenging and bulk tissue expression profiling may, in fact, mask gene changes in different cell types. We have recently used laser capture microdissection to isolate epithelial cells from ovarian cancers for microarray analyses (10) , which elucidated changes in gene expression specific to the epithelial tumor cells. Profiling expression changes that occur in the tumor stroma, including the tumor endothelial cells, will likely provide insights into the mechanisms underlying tumor vascular growth, reveal additional targets for antiangiogenic therapies, and potentially offer new biomarkers for diagnosis and surveillance. However, the endothelium is enmeshed in a tissue complex consisting of vessel wall components, stromal cells, and epithelial cells. Only a small fraction of the cells within these tissues are endothelial. Moreover, gene analysis of specific cell types extracted from chemical reagent-fixed frozen tissue may not be accurate as the gene profile may be altered during the fixation process. In the present study, we immunopurified endothelial cells from human normal ovarian tissues and invasive epithelial cancers and investigated the gene expression profile using microarrays. Selected genes were validated to test the reliability of the microarray analysis. The gene expression profiles derived in the current study define unique alterations in vascular gene expression in epithelial ovarian carcinoma.
Materials and Methods
Sample preparation. Fresh tissue samples (5 normal ovaries and 10 epithelial high-grade, stage III or IV invasive serous ovarian cancers) were obtained from patients undergoing primary surgical exploration at the M. D. Anderson Cancer Center after approval from the Institutional Review Board. The minced tissue was digested with collagenase A, elastase, and DNase 1 at 37jC for 90 min to yield a single-cell suspension. A number of negative selections followed, including removal of platelets and RBCs by Percoll separation; removal of epithelial cells using M450 beads, which are prebound to BerEP4 antibody; and removal of leukocytes using anti-CD14, anti-CD45, and anti-CD64 beads (Dynal Biotech, Brown Deer, WI). Positive selection was done with P1H12 (CD146) immunobeads (P1H12 antibody was from Chemicon, Temecula, CA), and the beads linked to secondary antibody were from Dynal Biotech. Immunostaining was then done using von Willebrand factor and 4 ¶,6-diamidino-2-phenylindole nuclear staining to confirm the purification of endothelial cells.
Total RNA amplification for Affymetrix GeneChip hybridization and image acquisition. To successfully generate sufficient labeled cRNA for microarray analysis from 25 ng of total RNA, two rounds of amplification were necessary. For the first-round synthesis of double-stranded cDNA, 25 ng of total RNA were reverse transcribed using the Two-Cycle cDNA Synthesis Kit (Affymetrix, Santa Clara, CA) and oligo-dT24-T7 (5 ¶-GGCC-AGTGAATTGTAATACGACTCACTATAGGGAGGCGG-3 ¶) primer according to the manufacturer's instructions followed by amplification with the MEGA script T7 Kit (Ambion, Inc., Austin, TX). After cleanup of the cRNA with a GeneChip Sample Cleanup Module IVT column (Affymetrix), second-round double-stranded cDNA was amplified using the IVT Labeling Kit (Affymetrix). A 15.0-Ag aliquot of labeled product was fragmented by heat and ion-mediated hydrolysis at 94jC for 35 min in 24 AL of H 2 O and 6 AL of 5Â Fragmentation Buffer (Affymetrix). The fragmented cRNA was hybridized for 16 h at 45jC in a Hybridization Oven 640 to a U133 plus 2.0 oligonucleotide array (Affymetrix). Washing and staining of the arrays with phycoerythrin-conjugated streptavidin (Molecular Probes, Eugene, OR) was completed in a Fluidics Station 450 (Affymetrix). The arrays were then scanned using a confocal laser GeneChip Scanner 3000 and GeneChip Operating Software (Affymetrix).
Data normalization and filtering. Global normalization at a target value of 500 was applied to all 15 arrays under consideration using GeneChip Operating Software (Affymetrix). Normalized data were uploaded into the National Cancer Institute Microarray Analysis Database for quality control screening and collation before downstream analyses. 5 Biometric Research Branch (BRB) ArrayTools version 3.2.2 software, developed by Drs. Richard Simon and Amy Peng Lam of the Biometrics Research Branch of the National Cancer Institute, was used to filter and complete the statistical analysis of the array data. BRB-ArrayTools is a multifunctional Excel add-in that contains utilities for processing and analyzing microarray data using the R version 2.0.1 environment (R Development Core Team, 2004) . Of the 47,000 transcripts represented on the array, hybridization control probe sets and probe sets scored as absent at a 1 = 0.05 or marginal at a 2 = 0.065 were excluded. In addition, only those transcripts present in >50% of the arrays and displaying a variance in the top 50th percentile were evaluated.
Class comparison analysis. Differentially expressed genes were identified for tumor and normal endothelial cell specimens using a multivariate permutation test in BRB-ArrayTools (11) . A total of 2,000 permutations were completed to identify the list of probe sets with a false discovery rate of <10% at a confidence of 95%. Differential expression was considered significant at P < 0.001. A random-variance t test was selected to permit the sharing of information among probe sets within class variation without assuming that all of the probe sets possess the same variance (12) . A global assessment of whether expression profiles were different between classes was also done. During each permutation, the class labels were reassigned randomly and the P value for each probe set was recalculated. The proportion of permutations yielding at least as many significant genes as the actual data set at P < 0.001 was reported as the significance level of the global test.
Pathway analysis. Differentially regulated genes identified in a series of 48 late-stage (III and IV), high-grade (3) microdissected papillary serous ovarian carcinomas, as compared with 10 normal ovarian surface epithelial brushings (10) , were categorized by cellular component according to the Gene Ontology ontological hierarchy. Epithelial genes associated with the cell membrane, extracellular matrix, and extracellular region were used as central nodes to identify signaling pathways modulated in tumor-associated endothelial cell isolates. This was accomplished using PathwayAssist version 3.0 software (Iobion Informatics LLC, La Jolla, CA). This software package contains more than 500,000 documented protein interactions acquired from MedLine using the natural language processing algorithm MEDSCAN. The proprietary database can be used to develop a biological association network to identify putative coregulated signaling pathways using expression data.
Quantitative real-time PCR validation. Quantitative real-time RT-PCR was done on 100 ng of double-amplified product from the 15 specimens using primer sets specific for 23 select genes and the housekeeping genes GAPDH, GUSB, and cyclophilin. An iCycler iQ Real-time PCR Detection System (Bio-Rad Laboratories, Hercules, CA) was used in conjunction with the QuantiTect SYBR Green RT-PCR Kit (Qiagen, Inc., Valencia, CA) according to previously described cycling conditions (13) . To calculate the relative expression for each gene, the 2
ÀDDCT method was used, averaging the C T values for the three housekeeping genes for a single reference gene value (14) . The intensity of protein expression in the endothelial cells was evaluated using OPTIMAS 6.5 software and the mean absorbance was calculated from five normal ovarian tissue and five ovarian cancer samples. Ten vessels were randomly selected from each sample for the measurements.
Small interfering RNA. The small interfering RNA (siRNA) constructs were purchased from Qiagen (Germantown, MD): a control sequence with no homology to any human mRNA (as determined by BLAST search) and separate sequences designed to target EZH2, Jagged1, or PTK2 mRNA. The EZH2 siRNA was targeted to the region corresponding to residues 85 to 106 of human EZH2 (NM004456). The Jagged1 siRNA target sequence is 5 ¶-CTGCATTTAGGGAGTATTCTA-3 ¶. For in vitro delivery, siRNA (5 Ag) was incubated with 30 AL of RNAiFect transfection reagent (Qiagen) for 10 min at room temperature and added to cells in culture at 80% confluence in 35-mm culture plates.
Cell migration assay. Unstimulated motility was determined in membrane invasion culture system chambers containing polycarbonate filter (with 10-Am pores) that had been soaked in 0.1% gelatin, as previously described (15) . Human umbilical vein endothelial cells (HUVEC; 1 Â 10 5 ) were seeded in each upper well, allowed to incubate at 37jC for 6 h in DMEM containing 15% serum, and subsequently processed as described for the invasion assay.
Tube formation assay. Matrigel (12.5 mg/mL) was thawed at 4jC and 50 AL were quickly added to each well of a 96-well plate and allowed to solidify for 10 min at 37jC. The wells were then incubated for 6 h at 37jC with HUVECs (20,000 per well), which had previously been treated for 18 h with the indicated siRNA. The formation of capillary-like structures was examined microscopically and photographs (Â50) were taken using a Retiga 1300 camera and a Zeiss Axiovert S100 microscope. The extent to which capillary-like structures formed in the gel was quantified by analysis Figure 1 . A, immunofluorescence (von Willebrand factor and Hoechst) staining of endothelial cells isolated from human normal ovary and ovarian cancer tissues. Endothelial cells were isolated from human normal ovarian and invasive epithelial ovarian cancer tissues by negative and positive immunoselection procedures as described in Materials and Methods. All photomicrographs were taken at original magnification (Â100). B, quantitative real-time PCR validation of endothelial cell microarray data. Gene expression in 10 tumor isolates was calculated as mean fold change relative to five normal endothelial specimens (normal = 1) using the 2 ÀDDCT method. Real-time validation confirmed significant differential expression of 23 up-regulated genes, including HES4, FYN, VAV2, PGF, ECGF1, PTK2, TNFAIP6, EZH2, EGFL6, STC1, CSPG2, ADAM12, COL5A3, COL18A1, PCOLCE, PMAIP1, CENTA2, MMP9, NPTX2, TMEPAI, ARRB2, JAG1 , and PLXDC1 , in tumor endothelial cells versus normal isolates. Of these genes, many (e.g., VAV2, TNFAIP6 , and EZH2 ) have not been previously described in endothelial cells. C, immunohistochemical staining for PTK2, Fyn, MMP9, h2-arrestin, Jagged1, and PLXDC1 in human normal ovarian and invasive epithelial ovarian cancers. All photomicrographs were taken at original magnification (Â100 or Â200). D, the intensity of protein expression in the endothelial cells from five normal ovarian and five ovarian cancer samples was evaluated using the OPTIMAS 6.5 software. For each protein, the intensity of staining in the normal ovarian samples was set at 1 and the fold change was calculated for the tumor endothelium. *, P < 0.01; **, P < 0.001. 
Results
Endothelial isolation and confirmation of cell purity. Five normal ovaries and 10 invasive epithelial ovarian cancers were obtained and subjected to negative and positive immunoselection. Before carrying out microarray analysis, we tested the purity of all samples for endothelial cells with the endothelial cell markers P1H12 and von Willebrand factor. Immunostaining revealed that the immunopurification technique yielded endothelial cell purity of >95% in all samples (Fig. 1A) . Thus, our isolation technique resulted in a highly pure population of endothelial cells for subsequent analyses.
Class comparison analysis of endothelial cell isolates. Total RNA from purified endothelial cells was subjected to microarray analysis using the Affymetrix Human U133 Plus 2.0 GeneChip platform. A multivariate permutation t test (P < 0.001), providing 95% confidence that the number of false discoveries did not exceed 10% of the complete gene list, identified 1,149 genes that were differentially regulated z2-fold in endothelium derived from epithelial ovarian cancers compared with normal ovarian tissue (Supplementary Table S1 ). In addition, global analysis of the gene list returned a P value of <5 Â 10 À4 , indicating that tumor and endothelial isolates possess distinct expression profiles. Genes up-regulated in ovarian cancer endothelium. Of the 652 genes that were up-regulated z2-fold, 35 genes were elevated at least 6-fold in tumor endothelium (Table 1) , with 9 being elevated >10-fold. Multiple genes encoding proteins, such as collagens, involved in extracellular matrix function, TNFAIP6, ADAMTS4, MMP9, and MMP11, had increased expression in tumor vasculature compared with normal ovarian vasculature. As expected, the a v integrin (vitronectin receptor) was elevated 2.5-fold in tumor endothelium. Most of these genes have previously been shown to have increased expression in colon and breast cancer vasculature (7, 8) and may reflect gene alterations regardless of tumor type.
Several transcription factors were up-regulated in the ovarian cancer vasculature. For example, HEYL was increased 3-fold, which is also elevated in breast and colon cancer endothelium (7, 8) . In addition, several novel transcription factors were identified, including E2F transcription factor 3 (E2F3; plays a role in cell proliferation; ref. 16 ), runt-related transcription factor 1 (RUNX1; has a direct role in angiogenesis; ref. 17) , signal transducer and activator of transcription 2 (STAT2; involved in cellular proliferation; ref. 18) , the SNAIL-related zinc-finger transcription factor SLUG (SNAI2; ref. 19) , and Twist1 (20) . These genes were elevated 2-to 18-fold in Table 1 . the ovarian cancer vasculature relative to normal ovarian endothelial cells. Whereas some of these genes have previously been shown to have direct or indirect effects on angiogenesis, the functional significance of others remains to be shown. Whereas vascular endothelial growth factor (VEGF)-based targeting has improved response rates to therapy and overall survival in many cancers, most patients still eventually die from cancer. Therefore, additional targets are likely to be required to achieve curative therapy. Genes that are overexpressed on both tumor cells and tumor-associated endothelial cells may be particularly appealing as targets for antivascular therapy due to their ability to target both the epithelial and stromal compartments. For example, epidermal growth factor receptor (EGFR) expression was increased by 3.5-fold in the tumor endothelium. EGFR is known to be overexpressed in ovarian carcinomas and is predictive of poor outcome (21) . We have previously shown that EGFR is overexpressed and phosphorylated in tumor endothelial cells, and dual targeting of VEGF receptor and EGFR in combination with paclitaxel is highly efficacious (6) . Similarly, nonreceptor kinases such as FAK (or PTK2; 3.1-fold increase) and Fyn (4.7-fold increase), which are known to play functionally significant roles for tumor cells and endothelial cells, may represent novel targets for antivascular approaches (15) .
Genes down-regulated in ovarian cancer endothelium. The reduction of gene expression in tumor versus normal vasculature may reveal genes that function to suppress tumor and/or vascular growth. Therefore, we next identified genes that were downregulated in endothelial cells derived from ovarian cancer tissue. There were 497 genes with z2-fold decrease in expression in tumor endothelium, with 17 decreased at least 6-fold (Table 2) . Interestingly, monoamine oxidase B (MAOB), a gene responsible for detoxification and degradation of monoamines, was decreased by 6.4-fold in the tumor endothelial cells (22) . Decorin, a small multifunctional proteoglycan with antiangiogenic properties, was decreased by 4.8-fold (23) . Several other genes with potential antiangiogenic or antiproliferative roles, such as fibulin-5 (FBLN-5) and checkpoint suppressor 1 (CHES1), were down-regulated by 4.5-and 4.3-fold, respectively (24, 25) . The functional role of these and other down-regulated genes in the context of tumor angiogenesis remains to be determined. Genes determined to be potential tumor endothelial markers. We identified differentially regulated genes uniquely expressed in tumor-associated endothelium versus normal endothelium, and compared these to tumor-associated epithelial cells versus ovarian surface epithelium as potential endothelial-specific markers. We have previously reported expression profiling of microdissected papillary serous ovarian cancers using the same microarray methods (10) . The current list of differentially expressed genes in tumor-associated endothelial cells was compared with the gene list identified for laser microdissected tumor epithelial cells. A total of 534 differentially regulated genes were uniquely altered (up-or down-regulated) in the endothelial cells. The 28 genes with the greatest (z6-fold) level of increase in the tumor related endothelial cells are listed in Table 3 .
Validation of gene expression alterations. The 23 validated genes were selected in two rounds. To show the reproducibility of the microarray analysis, a series of 17 genes were selected at random, spanning a range of fold-changes (3.6-155.3; Fig. 1B ). Of 17 primer sets, 15 yielded specific quantitative real-time PCR products when analyzed using Universal Human Reference RNA (Stratagene, La Jolla, CA), with 13 reaching statistical significance in tumor (n = 10) and normal (n = 5) isolates (P < 0.05) including PLXDC1, ARRB2, HES4, PGF, EGFL6, ADAM12, COL5A3, COL18A1, PCOLCE, PMAIP1, CENTA2, TMEPAI, and NPTX2. To substantiate the pathway analysis (presented below), a second set of genes implicated in endothelial tumor cell signaling was assessed. From a series of 12 genes, suitable primer sets were obtained for 10 genes. All 10 pathway members were successfully validated (P < 0.05) including FYN, VAV2, ECGF1, PTK2, TNFAIP6, EZH2, STC1, MMP9, JAG1, and CSPG2. These data provide important confirmation of the gene expression alterations identified by the microarray analysis.
To further examine whether the gene expression alterations identified by the microarray analysis also occur at the protein level, we did immunohistochemical staining for selected proteins on five normal ovaries and five invasive epithelial ovarian cancers. The microarray analysis identified FAK (PTK2; 3.1-fold), Fyn (4.7-fold), MMP9 (9.4-fold), b2-arrestin (4.8-fold), Jagged1 (4.3-fold), and PLXDC1 (10.2-fold) as being significantly increased in tumorassociated endothelial cells, and these changes were validated by real-time RT-PCR (Fig. 1) . Immunohistochemical peroxidase staining confirmed that both FAK and Fyn were indeed overexpressed in the tumor-associated endothelial cells (Fig. 1C and D) in all samples. There were no obvious differences in protein expression between arterioles and venules. Similarly, increased expression of MMP9, h2-arrestin, Jagged1, and PLXDC1 was also confirmed at the protein level (Fig. 1C and D) .
Signaling pathways modulated in tumor endothelium and their functional significance. Ovarian epithelial carcinomas arise from molecular events occurring in the epithelial layer, which affect changes in gene expression within surrounding nonepithelial cell populations. For endothelial cells, this altered signaling environment stimulates proliferation, migration, and tumor vascularization. To identify epithelial genes that may be responsible for these changes and the endothelial signaling pathways that are affected, a series of laser microdissected papillary serous epithelial cell isolates and ovarian surface epithelial brushings were compared, as previously described (10) . Pathway diagrams were generated using PathwayAssist version 3.0 software ( Fig. 2A and B) . The genes comprising the pathway suggest involvement in endothelial cell proliferation, tube formation, and cell motility. The genes in this pathway are summarized in Fig. 2C , along with the inferred biological function.
To test the biological significance of some of these genes, we selected three genes: the novel polycomb group protein enhancer of Zeste homologue 2 (EZH2), the notch receptor ligand Jagged1, and PTK2. EZH2 plays an important role in many biological processes and is downstream of Akt activation (26) , making it a potential antiangiogenic target. SiRNA was used to silence EZH2 expression (Fig. 3A) in HUVECs and its effects on migration and tube formation were examined. In comparison with control nonsilencing siRNA, EZH2 silencing resulted in a 85% decrease in endothelial tube formation on Matrigel (Fig. 3B) . EZH2-targeted siRNA completely blocked VEGF-stimulated migration of HUVECs (Fig. 3C) . Similarly, to determine the functional relevance of Jagged1 (27) for endothelial cell function, we tested the effects of Jagged1 silencing with siRNA (Fig. 3A) on migration and tube formation. Jagged1-targeted siRNA reduced tube formation by 80% (Fig. 3B) and blocked VEGFstimulated HUVEC migration (Fig. 3C) . Similar results were noted with PTK2 silencing with siRNA ( Fig. 3A-C) . These data indicate that the novel differentially expressed genes in the tumor-associated endothelial cells play functionally significant roles in angiogenesis.
Discussion
The major finding of the present study is that ovarian cancerassociated endothelial cells contain a large number of gene alterations in comparison with normal ovarian endothelial cells. We identified genes that are unique to the tumor vasculature and those that overlap in expression with tumor cells. To the best of our knowledge, this is the largest study of genomic profiling of ovarian cancer-associated endothelial cells.
Cancer is a heterogeneous disease that requires multimodality therapy. To date, most of the therapeutic approaches for ovarian cancer have focused on chemotherapy, which primarily targets proliferating tumor cells. However, despite initial responses, most tumors eventually develop resistance. Over the last few years, the critical role of the microenvironment in ovarian cancer growth and progression has been established (6, 28, 29) . The presumed genetic stability of the microenvironment components such as endothelial cells makes them an attractive therapeutic target. Indeed, biological therapies aimed at the microenvironment, such as bevacizumab and VEGF Trap, are starting to show promise in clinical trials (4) and preclinical models (30, 31) in ovarian and other cancers. However, it is likely that additional targets will be required to achieve further gains in therapeutic benefit. Genomic profiling of tumor-associated endothelial cells, as described in the current study, is a powerful method for identifying novel genes that may be potential targets or biomarkers.
It has become evident that endothelial cells vary phenotypically depending on the organ of origin (32) . To date, there are limited data about genomic differences in tumor-associated endothelial cells from specific tumors. A small number of either colon, breast, or brain tumors have been evaluated previously using serial analysis of gene expression (7) (8) (9) . Whereas there was overlap in the gene profile of endothelial cells from ovarian versus these other cancers, there were also clear differences. For example, genes such as a v -integrin, ADAMTS4, HEYL, and MMP9 were increased in ovarian cancer vasculature and have been noted to have increased expression in the vasculature from other cancers as well. However, several unique genes such as TNFAIP6, E2F3, EZH2, and RUNX1 were also discovered. Whether these are indeed unique to ovarian cancer vasculature or tumor vasculature more broadly will require further investigation. A number of genes that were identified are known to play functionally significant roles in both tumor cells and tumorassociated endothelial cells. For example, PTK2 (FAK) has been shown to play a role in ovarian cancer cell migration and invasion (15) and survival (33) . With regard to endothelial cells, PTK2 plays a pivotal role in angiogenesis related to late embryonic development (34) and modulates endothelial cell migration (35) . Data from our study show that PTK2 expression was up-regulated in tumor-related endothelium. We have recently shown that PTK2 silencing with siRNA sensitized tumor cells to docetaxel chemotherapy in vitro (33) . Moreover, in vivo FAK silencing with siRNA incorporated in neutral liposomes was highly efficacious in both chemotherapy-sensitive and chemotherapy-resistant ovarian cancer models through both direct and indirect antitumor effects by decreasing VEGF levels (36) . Based on the results of the current study, we anticipate that such effects may be even greater when FAK is suppressed directly in endothelial cells.
It is well known that Src family tyrosine kinases play an essential role in the signaling of integrin-mediated biological processes such as cell proliferation, differentiation, actin organization, and cell migration (37) . The Src family member Fyn plays a key role in endothelial cell signaling pathways resulting in stimulation of endothelial migration and tube formation (38) . In the present study, gene profiling revealed that Fyn expression was increased by 4.7-fold in tumor-related endothelium, and this increase was validated at both mRNA and protein levels. Based on its known role in endothelial cell function and significant upregulation in tumor-associated endothelial cells, Fyn may be an antiangiogenic target.
One of the novel genes identified from the current study is EZH2, a member of the polycomb group of genes (PcG), which are important for transcriptional regulation through nucleosome modification, chromatin remodeling, and interaction with other transcription factors (39) . EZH2 is controlled by E2F and is also involved in p53-regulated cell cycle control (40) . EZH2 was previously shown to be overexpressed in prostate, breast, and other cancers (41) . To the best of our knowledge, this is the first report that EZH2 is overexpressed in tumor-associated endothelial cells. In the present study, the microarray data yielded a 2.9-fold higher EZH2 expression in ovarian cancer-related endothelium compared with normal ovary. We also showed the functional relevance of EZH2 for endothelial cell migration and tube formation using RNA interference. HUVECs were used for these assays and it is possible that the role of EZH2 may be different in ovarian or mesenteric endothelial cells. Whether EZH2 is a valid antiangiogenic target will require further investigation, but its role in endothelial function combined with its significance for tumor cell function makes it an appealing candidate.
Pathway analysis identified coordinated signaling events stimulated by transformed ovarian epithelial cells, which may be modulating tumor endothelial cell behavior. The proangiogenic effect of EZH2 on endothelial cells and increased CCNE1 levels may be associated, in part, with epithelial cell-induced VEGF signaling. In cortical neuron precursors, VEGF induces E2F3 expression (42) . Whereas neuron development and migration is seemingly unrelated to angiogenesis, there is increasing evidence that the two processes may use analogous pathways (43) . Enhanced E2F3 expression may result in elevated levels of EZH2 and CCN1, both of which are direct targets of the transcription factor (44, 45) . Notch signaling has also been linked to the regulation of tube formation and the ability of endothelial cells to establish a mature phenotype (46) . Both JAG2, secreted by epithelial tumor cells, and endothelial cell-derived JAG1 can activate the Notch pathway. HESR1 is a Notch responsive transcription factor that has been implicated in the regulation of endothelial cell tube formation (47) . Consequently, the ability of JAG1 to stimulate tube formation may be mediated through the downstream targets of this gene. In addition to promoting endothelial cell tube formation and proliferation, secreted epithelial factors may also drive endothelial cell motility. For example, SPP1 can engage the a v integrin receptor and support directional cell migration (48) . Furthermore, it can interact with the CD44 receptor stimulating VAV2 activity (49) . This interaction may be stabilized by TNFAIP6, resulting in CD44 receptor clustering and enhanced signaling (50) . The net effect of these interactions is increased FAK stimulation and endothelial cell migration. Signaling events originating from epithelial tumor cells and their downstream endothelial effectors represent a reservoir of putative targets for therapeutic intervention. Of particular interest are the novel genes E2F3, EZH2, and TNFAIP6, which may directly participate in critical proangiogenic pathways. In summary, the expression profile of ovarian cancer-associated endothelial cells is distinct and unique. However, there are similarities with tumor vasculature in other organs. Moreover, there are multiple genes that have increased expression in both tumor-associated endothelial cells and tumor cells. Additional work is needed to define the role of the novel genes identified here in processes related to tumor vascularization, invasion, and metastatic growth. Some of these may offer opportunities for therapeutic intervention. Figure 3 . A, siRNA-mediated silencing of EZH2, Jagged1 , and PTK2 was assessed using immunofluorescence and Western blot. B, effect of EZH2, Jagged1 , or PTK2 silencing on HUVEC tube formation. C, effect of EZH2, Jagged1 , or PTK2 silencing on HUVEC migration. *, P < 0.01. Figure 2 . Analysis of putative pathways stimulated in tumor endothelial cells by papillary serous ovarian epithelial tumor cells. Pathway diagrams were generated with the assistance of PathwayAssist version 3.0 software using gene expression data. Genes included in the pathway were required to have a fold change value of z2.0. For some genes, multiple probe sets were averaged. A, differentially expressed genes modulated in tumor endothelial cells and their associated interactions are described. Green oval, gene is up-regulated in endothelial tumor samples; red oval, down-regulation; gray oval, genes displaying no change in expression. Green ovals with a red border, secreted genes up-regulated in ovarian epithelial tumor cells. B, pathways implicated in cell proliferation, tube formation (JAG1, JAG2, NOTCH1, HESR1, EZH2 , and STC1 ), and cell motility. C, table describing pathway genes and their inferred biological function.
